A novel technique of using a 1 ϫ N star fiber optic coupler as a distributed strain sensor in a white-light interferometer to measure the distribution of strain is presented. The measuring principle and 1 ϫ 4 star coupler with four fiber optic strain sensors are demonstrated. The experiment is performed with four sensors attached to a combination plastic specimen.
Introduction
White-light interferometry as a technique that employs low-coherence, broadband sources has been an active research area in recent years. [1] [2] [3] [4] [5] [6] [7] [8] The main advantages of this technique lie in its ability to facilitate absolute measurements, such as position and displacement, with high resolution. 9, 10 A distributed fiber optic strain-sensing system based on Michelson white-light interferometer, in which a 1 ϫ N fiber optic star coupler plays the role of distributed sensor, has been developed and is demonstrated. It is suitable for measuring the distribution strain in smart materials and structures.
Distribution Sensing System
The fiber optic Michelson interferometer is a wellestablished and widely used technique. Two light beams are reflected and recombined in a Michelson configuration. When the optical-path difference between the two beams falls within the coherence length of the source, a white-light fringe pattern is produced, and the central fringe, which is located in the center of the fringe pattern and has the highest amplitude, corresponds to the exact optical-path match of the two beams. 11 The transfer function of a two-beam interferometer illuminated by partially coherent light is described as
where I mean is the average intensity of the interferometer output, x is the optical-path difference introduced by the interferometer, is the spectrum coefficient of the LED itself, and L c ϭ 0 2 ͞⌬ is the coherence length of the source. Here 0 is the central wavelength of the spectrum and ⌬ is the full width at half-maximum of the spectrum of the light source.
Using the principle discussed above, we designed a distributed strain-sensing system in which a 1 ϫ N fiber optic star coupler is used as N distributed strain sensors. A schematic of the distribution sensing system is illustrated in Fig. 1 .
The light from a 1300-nm LED is split by a 3-dB 2 ϫ 2 single-mode coupler into two beams, configuring a Michelson interferometer. One of the two branches of the interferometer is connected with a 1 ϫ N star coupler, in which the N arms' fiber ends are polished and coated with reflectivity R. Each of the N fiber arms of the 1 ϫ N star coupler acts as one strain sensor; then the N different-length arms form N distribution strain sensors. The other branch is connected to a finite-length fiber as a balance measuring arm and terminates with a gradient-index ͑GRIN͒ lens and is perpendicular to a reflective mirror. The mirror mounted upon a motor-driven linear positioning stage is used for scanning each reflective end surface of the N fiber optic sensors, which can match the absolute elongation of each sensing fiber length. Figure 2 is a schematic of the measuring principle of the fiber optic distribution sensing system. In Fig. 2 the lengths of the N arms of the 1 ϫ N star coupler are equal to l 1 , l 2 , . . . , l N , as N sensors. Assume that l 1 changes to l 1 ϩ ⌬l 1 , l 2 changes to l 2 ϩ ⌬l 2 , . . . , l N changes to l N ϩ ⌬l N , as distributed stresses are loaded in the fiber sensing gauges. Then the distribution strains are ε͑1͒ ϭ ⌬l 1 ͞l 1 , ε͑2͒ ϭ ⌬l 2 ͞l 2 , . . . , ε͑N͒ ϭ ⌬l N ͞l N , where l i ͑i ϭ 1, 2, . . . , N͒ is the embedded gauge length of the sensing optical fiber arms. To avoid the confusion in measuring, the lengths of the fiber sensors can be
Measuring Principle
and the differential length of the two fiber sensors should be satisfied:
to avoid cross sensitivity among the N measurement channels. In practice, the differential length of each of the two fiber sensors is measured in millimeters.
Here n eff is the effective refractive index of the fiber core and ε max represents the maximum strain of all fiber optic sensors.
To ensure that each fiber sensor is within the scanning measuring range, the differential of the shortest and the longest fiber sensors should be satisfied:
where D is the longest motor stage scanning distance. The two principal methods for measuring the distribution strain of the structure with embedded fiber optic sensors are sketched in Fig. 3 .
Calculation of Light Power
For the fiber optic sensing system, assume that the light power from the LED source launched into the fiber is P 0 and is split by a 3-dB single-mode coupler into two parts. In the sensing branch the light power is P 0 ͞2. When it encounters a connector and then is divided into N parts by the 1 ϫ N star coupler, the power of the transmission light in each arm can be calculated as
where ␦ c is the parameter of the connector insertion losses, defined as ␣ s is the star coupler insertion loss, defined as
and T i is the ratio of the light power, described by
If the 1 ϫ N star coupler's output port is uniform, Eq. ͑8͒ becomes
Thus the reflected light power received by the detector can be given by
Here R i is the reflectivity of the end the ith sensing arm. Similarly, the light power reflected from the measuring arm is estimated as
where R s is the reflectivity of the mirror and ͑d͒ represents the insertion losses of the GRIN lens collimator determined by experiment, as shown in Fig.  4 . According to the testing data, these losses can be approximately described as
where d is the distance between the end of GRIN lens and the mirror and r 0 ϭ 1.5 mm is the radius of the GRIN lens. For the GRIN lens collimator in our experiment the dimensionless parameters are A ϭ 6.266 and ϭ 0.0065. The upper limit of the sensor number can be estimated from Eq. ͑10͒. We assume that the minimum optical power is 50 nW to ensure the identification of the white-light interference pattern's central fringe and neglect the insertion losses caused by the connector and the coupler; then N Ϸ 7 for R 1 ϭ 100% and P 0 ϭ 10 W and N Ϸ 22 if P 0 ϭ 100 W. We used a 1300-nm LED with ⌬ ϭ 43 nm as a white-light source; the optical power launched into the singlemode fiber was 11.08 W with drive current 50 mA, and a 1 ϫ 4 single-mode star coupler at wavelength of 1300 nm was used as four distribution sensors. The relevant parameters are listed in Table 1 .
Testing Results
A schematic of the testing arrangement is shown in Fig. 5 . Single-mode fibers with 9 -125-m corecladding diameters and 35-m-thick polymer coatings were used in the experiment. The gauge length of the four sensing fibers was 250 mm, and the fibers were attached with epoxy to a three-layer combination plastic plate. The strain was uniform for each part of the combination plate. By the side of the fiber we used an electrical resistance strain gauge to calibrate the fiber optic sensor. The fiber optic sensor's lengths change as force P is applied to the two ends of the combination plastic plate. For sensor 1, for instance, working in the unloaded state, the mirror scans a short distance in front of the measuring arm ͑see Fig. 1͒ . Once the sum of the scanned distance plus the length of the measuring arm equals that of the sensing arm, whitelight fringes appear. The zero-order fringe, which is approximately in the center of fringe pattern and has the highest amplitude, corresponds to the exact optical-path match of these two beams. Thus the initial position will be recorded as the reference position when this procedure is repeated and a new white-light fringe pattern will be established because of straining of the sensing arm. As shown in Fig. 2 , the distance between the zero-order fringe patterns for the unchanged initial position and the deformed position gives the amount of optical-path difference ⌬x, which can be expressed as
where l is the fiber optic sensor gauge length. The first term in Eq. ͑13͒ represents the physical change in length produced by the strain, which is directly related to axial strain ε through the expression
The second term, the change in optical path that is due to a change in the refractive index of the fiber core, it is given by 12
Thus we have
where n eff represents the effective refractive index of the fiber core. For silica materials at wavelength ϭ 1300 nm the parameters are n ϭ 1.46, ϭ 0.25, p 11 Ϸ 0.12, and p 12 Ϸ 0.27, 13 and the effective index can be calculated as n eff Ϸ 1.19. Therefore the strain can be measured by
and the combination specimen strain values were recorded by a resistance strain gauge indicator. The identical testing result is given by Fig. 6 . Figure 7 shows the distribution strains measured by the various optical fiber sensors. The accuracy of the measuring system is limited by the resolution of the scanning mirror, the smoothness of the fringe pattern profile, and the resolution of the center fringe identification. For this reason, in the present study we used a signal filter and a highresolution stepper motor ͑1-m step intervals͒ to scan the distance. Therefore the resolution of the central fringe identification was Ϯ1 m, and the identification repeatability of the central fringe was estimated as less than Ϯ1 fringe, which is equivalent to 0.6 m for a 1300-nm LED source. 10 The procedure can be repeated for automatic measurements of successive strain sensing changes. The scanning time is ϳ10 s for each sensor, and the interval between scans can be adjusted from 1 s to many hours.
In fact, when the fiber optic sensors are embedded a material ͑such as epoxy, plastic, or concrete͒ in which the strain is to be measured, the deformation of the specimen ͑matrix material͒ will induce changes in the optical fiber, and this elongation of the fiber divided by the fiber gauge length and the effective refractive index can be measured as strain on the fiber itself. If the matrix-glass fiber bond is perfect, the two configurations will be equally sensitive to the imposed strain. That is, the strain in the glass fiber will be equal to the strain in the surrounding matrix. However, in practice, the fiber has a polymer coating and so is far less rigid than the glass fiber and the surrounding matrix material. Therefore, even with a perfect matrix-fiber bond, the layered cross section is expected to affect the performance of the fiber sensor. It can be predicated that the strain measured by a length of fiber will be less than the real matrix strain. For all practical purposes, the strain measurements by the resistance strain gauge reflect the actual strains induced in the specimen. Then the strain values measured by fiber optic sensors should be smaller than the values measured by resistance strain gauges. This result is confirmed by our experiment as shown in Fig. 7. 
Conclusions
When the unique compatibility of optical fiber sensors and composite structures is fully implemented to create smart structures, many benefits will be realized. Ideally, the simple and low-cost installation of fiber optic sensors will provide ͑1͒ a fabrication cure monitor; ͑2͒ a built-in sensor for testing suitability of components; ͑3͒ an in-service monitor for tracking structure response to characterize fatigue and to assess damage, and ͑4͒ a response feedback sensor for implementation of an active damping or control reconfiguration. Demonstrations reported here indicate that 1 ϫ N star coupler distribution strain fiber optic sensors in a white-light interferometer system may provide all these desirable sensing functions.
The system described herein provides a simple, potentially low-cost distribution strain-measurement method that will permit the use of commercial communication single-mode optical fibers as sensors in smart materials and structures as well the development of different gauge-length fiber optic strain sensors for a wide range of engineering applications.
